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Military systems greatly depend on the availability of 
energy.  This energy comes mostly in the form of burning fuel in 
order to produce mechanical work or producing electricity.  The 
ability to extract the most out of these systems aligns with the 
current focus of energy efficiency, not only in the military, but in 
society at large.  In this research, an infrared camera was used to 
create an infrared map to infer temperature differences on a 
gasoline-powered generator at steady state operations.  These 
temperature differences were inputted into an experimental 
phase during which a digitally-controlled hot plate, water block, 
variable resistor, and digital acquisitions system were used to 
measure current output from a single TEG for loads of 1, 10, and 
100 :, respectively.  Data were analyzed and the correlation 
coefficients determined.  These coefficients were modeled a 
single module and then various array configurations for TEGs in 
COMSOL.  Using the findings, a single commercial 56 mm by 
56 mm Be2Te3 TEG can yield 0.72 W of power.  Simple 
calculations yield 72 W of power when 100 modules are joined 
in 10 sets coupled in parallel with each set containing 10 modules 
in coupled in series.  This would require 560 mm by 560 mm or 
approximately 2 ft. by 2 ft. of system space to be covered. 
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transfer, heat recovery, thermal conductivity, thermal, thermal 
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NOMENCLATURE 
Be2Te3 = bismuth telluride 
C  specific heat 
CI  confidence interval 
FLIR forward looking infrared 
HVAC heating, ventilation, and air conditioning 
IR  infrared 
m  mass 
n  number of data points 
Q  heat supplied/emitted 
s  sample standard deviation 
Se  standard error 
Sxx  sum of squares 
tα/2,n-1 critical point 
Tc  temperature of the cold side 
Th  temperature of the hot side 
TEG thermoelectric generator 
v  voltage 
x*  a particular value 
x̅  sample mean 
ZT  thermoelectric figure of merit 
 
GREEK SYMBOLS 
ΔT  temperature difference 
β  Seebeck coefficient 
β2σ  power factor 
κ  thermal conductivity 
σ  standard deviation 
 
BACKGROUND AND MOTIVATION 
 Thermoelectric generators (TEGs) have been around since 
1800s [1].  However, they have not been extensively developed.  
As early as 2000, they only yielded a small percentage of 
recovered energy [2].  Currently, the common commercial 
material for TEGs is Be2Te3 [3].  This is the same composition 
as the TEGs used in this research (TEG Pro TE-MOD-22W7V-
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56) and can produce up to 22 W with a temperature difference of 
270°C [4].  These type of conventional bulk TEGs can yield up 
to a 5% - 15% recovery of energy from a thermal source [5].  
Bereton revealed that when applied to a system such as a 
commercial truck, the technology reduced fuel usage by 2%; a 
savings of 4,000 gallons of fuel over 1 million miles [6].  Bereton 
also stated that when coupled with an auxiliary power unit, a 
TEG can obtain a 7% efficiency.  With more improvements, 
thermoelectric devices like those described can become a viable 
source of energy or a way to improve the efficiency of energy 
use.  This is seen in Crane and Lagrandeur’s paper [7], where 
they designed a TEG that is able to handle up to 650°C and 
produce 125 W of power for use in automotive applications.  
With the development of new materials, TEGs could provide 
more efficient energy recovery.   
There are two phenomenon that govern the behavior of 
thermoelectric devices.  The first type is the Peltier effect, which 
uses P-N junctions assembled in series to transform electrical 
energy that passes through it to create a temperature difference 
between the two sides of the module.  This creates a cooling 
effect on one side of the module.  The second effect is called the 
Seebeck effect.  It is the opposite of how the Peltier effect works 
in that it uses a temperature difference between the two sides to 
create electricity.   
TEGs are the type of thermoelectric devices that work on 
the Seebeck effect and are governed by the following equation: 
 
v = 𝛽(Th − Tc)   (1) 
 
where v is the voltage across the thermoelectric module, β 
is the Seebeck coefficient, Th is the temperature at the hot side, 
and Tc is the temperature at the cold side [8].  This relationship 
between v and ΔT are linearly proportional.  In order to 
characterize TEG behavior, the coefficient β must be determined 
through experimentation.  This coefficient can then model the 
TEG in simulations. 
Heat is another important concept in the analysis of 
efficiency of TEGs.  Specific heat capacity is governed by the 
following equation: 
 
Q = mC∆T   (2) 
 
where Q is the heat supplied to the system or object, m is the 
mass of the object, C is the specific heat of the object, and ΔT is 
the temperature change of the object [9].  Using this equation 
with the International System of Units (SI), yields kcal. 
 
Next, the determination of efficiency for thermoelectric 






T   (3) 
 
where σ is the electrical conductivity, β2σ is the power factor, and 
κ is the thermal conductivity [3].  This ZT factor is important in 
producing good thermoelectric material, and different alloys can 
produce a significant difference in the efficiency of heat 
conversion.  Tian additionally states that current Be2Te3 
materials have a ZT factor around 1 whereas more revolutionary 
alloys have produced ZT factors up to 2.2 [3]. 
Additionally, some statistical work is implemented to test 
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Where σ is the standard deviation, n is the number of data 
points, x* is a particular value, x̅ is the sample mean, and Sxx is 
the sum of squares [10].  The confidence interval is also 
calculated in the regression analysis, 
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Where μ is the population mean, n is the number of data points, 
x̅ is the sample mean, s is the sample standard deviation, and tα/2,n-
1 is the critical point [11]. 
In the military, energy is a large facet of operations.  Most 
energy is produced through the burning of fossil fuels in power 
generators, motor engines, and turbines.  Reliance on fossil fuels 
burdens logistics channels that provide that fuel and limits the 
capability of these systems.  Designing systems for efficiency 
and implementing energy savings measures would allow these 
systems to go farther or operate longer before refueling, 
extending a military unit’s operational reach [12].  As a result, 
the military is pursuing options to improve the efficiency of all 
systems it operates.  These options are intended to improve the 
warfighting capability of the military and to add to the advantage 
that a warfighter has in combat.  Applying devices such as TEGs 
would support the military’s energy initiatives by providing an 
incremental improvement in the efficiency of some military 
systems.  As described before, thousands of gallons of fuel could 
be saved, which could reduce the need to bring fuel to the 
battlefield.  The risk to the warfighter providing this logistics are 
inherently reduced, which in turn may save lives on today’s 
battlefields. 
Secondary effects from using TEGs could be from the 
reduction of infrared (IR) signatures.  Military systems all 
produce some form of signature, from electrical to radar 
signatures.  IR is produced from the generation of heat by some 
of these systems.  Due to the conservation of energy, the thermal 
energy that the TEG converted to electricity would dissipate.  
This dissipation is essentially a reduction in IR output.  Thus, the 
potential of reducing an IR signature of a military system is 
possible.  This reduction allows a form of stealth in that signature 
region.  If an IR signature can be fully masked and blend in with 
the environment, it essentially becomes “invisible” to sensors 
that detect IR.  This provides an advantage to friendly forces 
operating in the battlefield. 
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Not only is energy important in the military, but it continues 
to be a priority in multiple industries today.  Research spanned 
from recovering heat in truck applications [5,13] to the use of 
thermoelectric materials to power everyday objects such as 
mobile phones [14].  This field is still untapped and could 
potentially be an emerging technology in the field of power 
generation.  Its application could help to extract the most out of 
any system that produces thermal energy as a byproduct. 
 
EXPERIMENTAL CHARACTERIZATION OF A TEG 
Using a portable gasoline-fueled electric generator as a 
baseline, a range of temperature values are established for 
analysis.  The generator was setup in a shaded location to prevent 
thermal absorption from the sun, and a Forward Looking 
Infrared (FLIR) device highlighted the different heat gradients in 
the generator from multiple sides.  A FLIR device uses a sensor 
that detects thermal radiation and can apply a false color to 
distinguish between relatively hot and cold surfaces.  The FLIR 
images were captured at the initial startup of the generator and 
then after 10 minutes of steady state operation.  Using the FLIR 
images, the source of the highest thermal energy came from the 
exhaust area of the generator.  From initial startup, the heat map 




Figure 1 Generator FLIR Map at Steady State 
 
After 10 minutes, the heat map shows approximately 234°C 
at the exposed exhaust tip.  The rest of the exhaust is enclosed by 
a heat shield; though there are ventilation slits where the 
temperature shows near the 234°C indication.  The test matrix 
for characterizing TEG performance consisted of collecting data 
at 10°C intervals within the range of the exhaust temperatures, 
starting from 180°C to 250°C.  This range would capture any 
unseen fluctuations from the generator heat map analysis. 
To characterize a commercial TEG, an experimental setup 
was built to control the heat source and provide a constant 
cooling source.  The cooling source was a recirculating chiller 
that flowed chilled water through a water cooling block attached 
to the TEG.  This provided a constant cooling source for this 
research. 
 
Fig. 2   Experimental apparatus of characterization 
 
The data collected for the characterization were the TEG 
current, TEG voltage, the “hot” side temperature, and the “cold” 
side temperature.  A Vernier-branded energy collection module, 
two Vernier-branded thermocouples, and Vernier-branded data 
acquisition modules collected the raw data that were plotted on 
a spreadsheet.  Each of the data collection parameters were 
collected at 1 second intervals. 
The thermal source was controlled by a digital hotplate that 
operated in Celsius.  The optimal running time for each 10˚C 
increment was found to be 600 seconds.  The first 200 seconds 
show how the temperature increases to the set temperature of the 
hotplate.  This gives approximately 400 seconds for the system 
to stay in steady state operation.  With each data point recorded 
each second by the data acquisition modules, this gives 400 data 
points for each temperature increment. 
To measure the temperature on the “hot” and “cold” sides of 
the TEG, a thermocouple was placed against the top and bottom 
of the TEG.  To ensure even thermal conductivity, aluminum 
spacers were inserted with cutouts for the thermocouples.  
Thermally conductive paste was used to fill any additional gaps 
between the thermocouples and the aluminum spacers.  The TEG 
was then sandwiched between the aluminum spacers, the hot 
plate, and the water cooling block with a weight to keep the 
composite together. 
To mimic an electrical load, three different resistors were 
used in increasing magnitude.  For this characterization, 1, 10, 
and 100 Ω were used.  Having three different resistors allowed 
variances to show in the three data sets.  With three different 
resistors, three sets of runs were done, from 180°C to 250°C in 
10°C increments.  With 10°C increments, each of the sets would 
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Table 1   Testing Matrix 
Run 1 Run 2 Run 3 
1 Ω 10 Ω 100 Ω 
180˚C 180˚C 180˚C 
190˚C 190˚C 190˚C 
200˚C 200˚C 200˚C 
210˚C 210˚C 210˚C 
220˚C 220˚C 220˚C 
230˚C 230˚C 230˚C 
240˚C 240˚C 240˚C 
250˚C 250˚C 250˚C 
CHARACTERIZATION DATA AND ANALYSIS 
Figure 3 displays the data collected after the experimental 
characterization.  The data revealed a linear relationship between 
the current and the temperature difference for each resistor.  This 
data agrees with the thermoelectric theory in eq.1 that the 
commercial TEGs behave normally.  At zero temperature 
difference, the data shows a relative zero current available. 
 
 
Fig. 3   Plot of current against the temperature differential for each 
resistor used 
 
Using the highest temperature difference for the 1 Ω load 
resister, the module outputs approximately 837 mA and 0.86 V.  
Using Ohm’s Law, the best result is a power output of 0.72 Watts 
with the load resistor at 1 Ω and at the largest temperature 
difference, as seen in table 2.  In order to gain a reasonable power 
output with these modules, multiple modules need to be 
assembled in series and in parallel. 
 













1 Ω 115.26 837.35 0.86 0.72 
10 Ω 119.84 225.79 2.14 0.48 
100 Ω 121.67 33.31 2.92 0.10 
 
To check for the accuracy of the models displayed in figure 
3, a regression analysis was conducted on the highest 
temperature difference.  Eq. 4 provided the calculations for Se 
and eq. 5 provided the calculations for the confidence intervals 
(CI Low and High).  Table 3 provides a summary of the analysis. 
 
Table 3.  Summary of regression analysis 
 1-ohm 10-ohm 100-ohm 
Temp 
Difference (˚C) 115 119 121 
Se 3.2 3.2 0.15 
CI Low (mA) 829.2 214.6 32.6 
CI High (mA) 839.2 224.1 22.1 
 
From the analysis, the model was determined to be accurate 
to the data produced above.  Although there is a relative 
difference in standard error between the 1/10 Ω and the 100 Ω, 
the error is still minimal.  The confidence intervals are also small 
with the intervals approximating 10 mA. 
MODELING AND SCALED APPLICATION 
Characterization data were programmed into COMSOL, a 
finite element modeling simulation.  To simplify the model, only 
thermal flow aspects were considered. The temperature from the 
hot side and the cold side were matched to the data collected 
through multiple temperature differences.  Once an accurate 
model was built, the module was scaled into an array of different 
designs. 
Observing the initial results in figure 4 revealed that there 
was a slight thermal gradient between the edge and the center of 
the module.  As minimal as the gradient is, it showed that some 
thermal energy escaped through the sides of the TEG.  When 
multiple TEGs are assembled together in an array and there is a 
gap between them, this gradient will appear on each module as 
thermal energy is released through the sides of the modules.  In 
contrast, when multiple TEGs are tightly placed together such 
that the gap is indiscernible between them, then the gradient 
would only appear at the edges of the array.  Table 4 shows the 
average TEG hot side temperatures between 1, 4, 6, and 9 TEG 
arrays.  Building arrays to this specification would allow the 
maximum amount of thermal energy to be absorbed by the array. 
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Fig. 4   Thermal gradient at the edge of a single TEG module 
 
Table 4   Average hot side temperature of differently arrayed 
TEGs 
  1 TEG 4 TEGs 6 TEGs 9 TEGs 
Avg. Temp 
(°C) 133.55 143.77 144.17 144.32 
 
Using 10 modules as a base design point, 8.6 V could be 
drawn or 8373 mA.  To maintain both electrical parameters, 100 
modules are needed; 10 modules in a series set mated to 10 sets 
in parallel would yield 72 W of power.  Each module measures 
approximately 56 mm ± 5 and when 100 are combined in a 
square format produces a 560 mm by 560 mm or approximately 
2 ft. by 2 ft. area that needs to be applied to a thermal source.  
Applying this to military systems such as field generators or 
large engines such as those in figure 5 may not pose much of an 
issue.  For civilian applications, this technology could be applied 
to enterprise servers, fossil-fueled power plants, or a building’s 
HVAC system, to name a few.  However, smaller systems could 
find the application of TEGs to be infeasible.   
 
 
Fig. 5   An army generator on the left [15] and a naval turbine on 
the right [16] 
 
Additionally, an interesting concept is born from the 
production of 72 W of power from 100 modules.  If it is assumed 
for the sake of analysis that the TEG is absorbing or passing 
through all of the thermal energy from the heat source and that 
none of the energy is dissipated through convection or radiation, 
then the 72 W of power could be reasonably assumed to have 
been taken away from the thermal source.  This could mean a 
reduction in IR signature and in the military application makes 
systems more survivable by reducing an emitted signature. 
Taking one module and using its power output of 0.72 W, a 
comparison can be made between that power output and the total 
energy dissipated by the system.  If it is assumed that all the 
thermal energy is released perfectly from a 1 mm, 56 mm by 56 
mm steel plate to the TEG, then the specific heat output can be 
calculated.  Using eq. 2 and the constants for a carbon steel plate, 
which is m = 0.024618 kg using a density of 7.850 x 10-6 
kg/mm3, C = 0.12 kcal/(kg ˚C), and a ΔT of 115˚C as determined 
by the 1 Ω data point at maximum temperature difference, the Q 
calculated equates to 0.3397 kcal.  Over the span of 600 seconds, 
as done in the characterization tests, this equates to 5.66 x 10-4 
kcal/sec.  Converting kcal/sec to watts gave 2.37 W of power 
emitted from the surface.  The TEG module would roughly 
reduce the IR signature or energy by 30%. 
FUTURE WORK 
Future work in this field would include investigating the true 
reduction in IR energy and exploring how efficient a commercial 
TEG could perform given a set of conditions.  The percentage 
given here through back-of-the-envelope calculations could be 
used as a starting point.  This concept in IR reduction through 
TEGs would be very useful if applied to military systems. 
Additional work could be done in the realm of pursuing new 
materials to improve the ZT factor of TEGs.  This improvement 
could advance wide spread use of TEGs in different systems.  
Their small conversion efficiencies and relatively minimal 
power output from individual modules preclude their use in 
mainstream systems design.  Increasing their efficiencies and 
power output could extend the usefulness of systems that 
produce a great amount of heat in their operation. 
Finally, TEG array design could be furthered, as the way 
modules are built together would affect the overall efficiency of 
the design.  Current TEGs are flat modules that do not flex.  
Flexible materials or even designing and optimizing the shape 
and structure of TEGs could efficiently transfer all of the thermal 
energy from the system for conversion.  This, however, would 
only be one piece of the overall application, as the module would 
still need to be efficient enough to convert the thermal energy 
into useful electrical energy. 
CONCLUSION 
In terms of absolute efficiency, TEGs could prove as a useful 
source of energy recovery.  Although the energy recovered is not 
largely significant, it is one step forward to recovering usable 
energy in a system where there is a large thermal source 
produced.  Currently, Be2Te3 type TEGs are the most widely 
available modules on the market.  However, there are additional 
TEG compositions that utilizes a composite of other materials to 
improve the efficiency of the TEG.  In the case of this research, 
the commercial TEG used can reach a theoretical temperature 
output of 300°C and produce 22 W of power.  Under 
characterization testing, a temperature difference of 115°C 
produced only 0.72 W.  Applied to large systems, an array of 100 
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modules can provide 72 W of power with modules built in series 
and in parallel.  This could be feasible for the amount of energy 
recovered, as this output would be enough to light five 100 W 
equivalent LED light bulbs. 
If this technology is developed further to improve the 
efficiency of the modules, an application to all heat producing 
systems could prove worthwhile.  Currently, it may not be 
feasible to implement it, but it can provide a passive source of 
increasing system efficiency. 
Continuing to test TEGs on military applications is still a 
viable option, as not only is energy recovery possible, but a 
reduction in IR signature could be applied with the use of TEGs.  
Reducing IR signatures would greatly enhance the survivability 
of a military system, which is a performance parameter not 
necessarily designed for civilian systems.  If the enemy is unable 
to detect friendly systems on the battlefield, it would provide a 
combat advantage to the troops who use that system.  At that 
point, the energy harvested could change into a secondary goal 
when using TEGs on military systems.  A rough calculation 
provided a 30% reduction in thermal energy, which is significant 
enough.  However, additional research is needed to truly 
understand the total decrease in thermal energy from TEGs. 
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